INTRODUCTION
============

Major surgery and anaesthesia with severe tissue trauma are strongly associated with extensive immunosuppression in the immediate post-operative period, which arises within a few hours of surgery and lasts for several days, and has been implicated in an increased risk of infectious complications and tumour metastasis formation \[[@r1]--[@r3]\]. Despite recent progress in understanding and treatment of postoperative immunosuppression, the postoperative incidence of immunosuppression after major surgery, especially in older adults, remains high and the strategies against immunosuppression are inadequate.

In the hospital, disease-related symptoms, environmental factors and health care practices, including postoperative pain, patient discomfort, noise, continuous ambient light, and frequent performance of vital sign measures and tests, contribute to sleep disorders \[[@r4]\]. Several studies have demonstrated that patients suffer with poor sleep quality during the first postoperative week \[[@r5]--[@r8]\]. Sleep is particularly important for initiating effective adaptive immune responses \[[@r9]\], and disrupted sleep is associated with immune dysfunction, impaired resistance to infection \[[@r10]\]. Sleep disruption can activate the sympathetic nervous system (SNS) and the hypothalamic-pituitary-adrenal (HPA) axis and increase evening cortisol levels \[[@r11], [@r12]\], which could inhibit innate and adaptive immune responses \[[@r13]--[@r15]\]. In one study including 42 medically and psychiatrically healthy volunteers, acute sleep deprivation resulted in almost a 50% decrease in natural killer cell activity and a 50% decrease in lymphokine killer cell activity \[[@r16]\]. In addition, it is shown that sleep deprivation (SD) severely disturbs the functional rhythm of regulatory T cells (Tregs) \[[@r17]\]. However, the effects and mechanisms of postoperative sleep disruption on the recovery of immunosuppression remain unclear.

It has been shown that both chronic and acute sleep disruption could induce alterations in the gut microbiota composition \[[@r18]--[@r20]\]. There is emerging evidence that gut microbiota not only controls intestinal immunity but extra-intestinal immunity as well \[[@r21]\]. Previous studies have demonstrated that gut microbes play critical roles in maintaining a steady-state granulopoiesis in immunosuppression states \[[@r22]\], effecting innate immunity and adaptive immune homeostasis \[[@r23]--[@r25]\], and influencing pulmonary host defense \[[@r26], [@r27]\]. Evidences have shown that subdiaphragmatic vagus nerve (SVN) is a well-established pathway for the communication of gut microbiota with extra-intestinal organs such as brain \[[@r28], [@r29]\].

Evidence has shown that SVN-mediated trefoil factor 2 (TFF2) secretion from memory T cells in the spleen, which could inhibit the expansion of myeloid-derived suppressor cells (MDSCs) and liberate anti-tumorigenic CD8^+^ T cells to suppress colonic carcinogenesis \[[@r30]\]. Splenic denervation or deletion of TFF2 results in the expansion of MDSCs and colorectal cancer \[[@r30]\], indicating SVN-mediated splenic TFF2 expression plays essential role in the inhibition of MDSCs proliferation and immunosuppression. However, whether such pathway is involved in the pathological mechanism of postoperative immunosuppression is unclear.

Based on above previous studies, this study aims to investigate whether postoperative sleep deprivation could exaggerate immunosuppression through gut microbiota disturbance-induced inhibition of splenic TFF2 expression and subsequent promotion of MDSCs proliferation in aged mice. Moreover, we further sought to investigate whether sleep-restriction (SR)-induced exaggeration of postoperative immunosuppression could be alleviated after treatment with dexmedetomidine, which is shown to be able to promote non-rapid eye movement (NREM) stage 3 sleep in human \[[@r31]\].

RESULTS
=======

SR resulted in splenomegaly, increased MDSCs expansion and decreased splenic CD8^+^ cells activity via inhibiting splenic TFF2 after surgery
--------------------------------------------------------------------------------------------------------------------------------------------

Splenic TFF2 plays important roles in inhibiting MDSCs expansion and CD8^+^ T cells activity in the spleen, which is strongly associated with systemic immune function \[[@r30]\]. We therefore first assessed the roles of postoperative SR in splenic TFF2 expression, MDSCs expansion and CD8^+^ T cells activity in aged mice. There was a significant decreased mRNA and protein expression of splenic TFF2 (*P* \< 0.01 and *P* \< 0.05, respectively; [Figure 1A](#f1){ref-type="fig"}), along with increased spleen weight (*P* \< 0.05; [Figure 1B](#f1){ref-type="fig"}) and MDSCs percentage in the spleen (*P* \< 0.05; [Figure 1C](#f1){ref-type="fig"}) in surgery mice compared with that in sham-operated mice. Splenic CD8^+^ T cells from surgery mice expressed lower levels of interferon-γ (IFN-γ) and Granzyme B (GrB) compared with splenic CD8^+^ T cells from sham-operated mice (*P* \< 0.05 and *P* \< 0.05, respectively; [Figure 1D](#f1){ref-type="fig"}). Postoperative SR resulted in a further decrease in mRNA and protein expression of splenic TFF2 (*P* \< 0.05 and *P* \< 0.05, respectively; [Figure 1A](#f1){ref-type="fig"}), and a further increase in spleen weight (*P* \< 0.05; [Figure 1B](#f1){ref-type="fig"}) and MDSCs percentage in the spleen (*P* \< 0.05; [Figure 1C](#f1){ref-type="fig"}). Splenic CD8^+^ T cells from postoperative SR mice expressed lower levels of IFN-γ and GrB compared with splenic CD8^+^ T cells from surgery mice (*P* \< 0.05 and *P* \< 0.05, respectively; [Figure 1D](#f1){ref-type="fig"}). However, dexmedetomidine treatment during SR abrogated SR-induced decrease in splenic TFF2 expression and increase in spleen weight and MDSCs percentage in the spleen (all *P* \< 0.05; [Figure 1A](#f1){ref-type="fig"}--[1D](#f1){ref-type="fig"}).

![**Postoperative sleep-restriction (SR) increased myeloid-derived suppressor cells (MDSCs) expansion and decreased splenic CD8^+^ cells activity via inhibiting splenic trefoil factor 2 (TFF2).** (**A**) The expression of TFF2 in the spleen of SR mice with or without dexmedetomidine (Dex) treatment was analysed by real-time PCR (RT-PCR and western blotting. (**B**) Spleen weight in each group after 7 days of SR. (**C**) Flow cytometry analysis of spleen for CD11b^+^ Gr-1^+^ MDSCs in SR mice with or without Dex treatment. (**D**) The enzyme-linked immunospot (ELISPOT) assay of the levels of interferon-γ (IFN-γ) and Granzyme B (GrB) in splenic CD8^+^ T cells from SR mice with or without Dex treatment. (**E**) The mRNA and protein expression of TFF2 in the spleen were analysed by RT-PCR and western blotting in SR mice with or without vagus nerve stimulation (VNS). (**F**) Spleen weight in SR mice with the treatment of recombinant human TFF2 protein (rTFF2) or PBS. (**G**) Flow cytometry analysis of spleen for CD11b^+^ Gr-1^+^ MDSCs in SR mice with the treatment of rTFF2 or PBS. (**H**) ELISPOT assay of the levels of IFN-γ and GrB in splenic CD8^+^ T cells from SR mice with the treatment of rTFF2 or PBS. All data represent mean ± SEM, n = 5; ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01.](aging-12-102952-g001){#f1}

SVN is important for splenic TFF2 expression in tumor-mediated immunosuppression \[[@r30]\]. We hypothesized that splenic TFF2 expression was also inhibited by the vagus nerve. Indeed, vagal nerve stimulation (VNS) increased the mRNA and protein expression of splenic TFF2 (*P* \< 0.01 and *P* \< 0.05, respectively; [Figure 1E](#f1){ref-type="fig"}).

Splenic TFF2 plays key roles in inhibiting MDSCs expansion in the spleen and thus increasing CD8^+^ T cells activity in tumor-mediated immunosuppression. Consistently, we found that recombinant human TFF2 protein (rTFF2) treatment to postoperative SR mice led to a decrease in spleen weight (*P* \< 0.05; [Figure 1F](#f1){ref-type="fig"}) and MDSCs percentage in the spleen (*P* \< 0.05; [Figure 1G](#f1){ref-type="fig"}). Splenic CD8^+^ T cells from rTFF2-treated SR mice express higher levels of IFN-γ and GrB compared with splenic CD8^+^ T cells from SR mice (*P* \< 0.05 and *P* \< 0.05, respectively; [Figure 1H](#f1){ref-type="fig"}).

Dexmedetomidine attenuated SR-induced decreased splenic TFF2 expression, increased MDSCs expansion and decreased CD8^+^ T cells activity via SVN
------------------------------------------------------------------------------------------------------------------------------------------------

After sub-diaphragmatic vagotomy (SDV), dexmedetomidine-treated SR mice showed a significant decrease in splenic TFF2 mRNA and protein expression (*P* \< 0.05 and *P* \< 0.05, respectively; [Figure 2A](#f2){ref-type="fig"}), an increase in the spleen weight (*P* \< 0.05; [Figure 2B](#f2){ref-type="fig"}) and a decrease in MDSCs percentage in the spleen (*P* \< 0.05; [Figure 2C](#f2){ref-type="fig"}). Splenic CD8^+^ T cells from dexmedetomidine-treated SR mice with SDV express lower levels of IFN-γ and GrB compared with splenic CD8^+^ T cells from dexmedetomidine-treated SR mice without SDV (*P* \< 0.05 and *P* \< 0.05, respectively; [Figure 2D](#f2){ref-type="fig"}).

![**Subdiaphragmatic vagus nerve mediated the attenuated effects of dexmedetomidine (Dex) on sleep-restriction (SR)-induced decrease in splenic trefoil factor 2 (TFF2) expression, increase in the expansion of myeloid-derived suppressor cells (MDSCs) and decrease in CD8^+^ T cells activity.** (**A**) The expression of TFF2 in the spleen of dexmedetomidine (Dex)-treated SR mice with or without bilateral sub-diaphragmatic vagotomy (SDV) was analysed by western blotting. (**B**) spleen weight in Dex-treated SR mice with or without SDV. (**C**) Flow cytometry analysis of spleen for CD11b^+^ Gr-1^+^ MDSCs in Dex-treated SR mice with or without SDV. (**D**) The enzyme-linked immunospot (ELISPOT) assay of the levels of interferon-γ (IFN-γ) and Granzyme B (GrB) in splenic CD8^+^ T cells from Dex-treated SR mice with or without SDV. All data represent mean ± SEM, n = 5; ^\#^*P* \< 0.05, N.S., not significant.](aging-12-102952-g002){#f2}

Dexmedetomidine attenuated SR-induced expansion of MDSCs and decrease in CD8^+^ T cells activity via improving gut microbiota
-----------------------------------------------------------------------------------------------------------------------------

Given the previously demonstrated effects of sleep disruption on gut microbiota composition \[[@r18]--[@r20]\] and the important roles of gut microbiota in systemic immune function \[[@r23]--[@r25]\], we performed 16S rRNA gene sequence analysis and fecal microbiota transplantation (FMT) to determine the effects of gut microbiota on postoperative immunosuppression. The Shannon index was significantly lower in fecal samples from sham-operated mice than that from surgery mice (*P* \< 0.01; [Figure 3A](#f3){ref-type="fig"}, [3C](#f3){ref-type="fig"}), although there was no significant difference in the Chao 1 index and Simpson index between the two groups ([Figure 3B](#f3){ref-type="fig"}, [3D](#f3){ref-type="fig"}). Moreover, there was a significant decreased Chao 1 index (*P* \< 0.05; [Figure 3B](#f3){ref-type="fig"}) and Shannon index (*P* \< 0.05; [Figure 3C](#f3){ref-type="fig"}) in postoperative SR mice compared with surgery mice. However, dexmedetomidine-treated SR mice showed a significant increase in the Chao 1 index (*P* \< 0.05; [Figure 3B](#f3){ref-type="fig"}) and Shannon index (*P* \< 0.05; [Figure 3C](#f3){ref-type="fig"}), indicating dexmedetomidine could improve gut microbiota disturbance after postoperative SR.

![**Dexmedetomidine (Dex) treatment improved sleep-restriction (SR)-induced exaggeration of postoperative gut microbiota disturbance.** (**A**) Heat map of differential levels of bacteria between the groups. (**B**) Chao 1 index. (**C**) Shannon index. (**D**) Simpson index. Data represents mean ± SEM, n = 5; ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01. N.S., not significant.](aging-12-102952-g003){#f3}

Moreover, we found that the Chao 1 index, Shannon index and Simpson index were decreased in postoperative SR mice received SDV compared with postoperative SR mice received sham surgery (all *P* \< 0.05; [Figure 4](#f4){ref-type="fig"}).

![**Sub-diaphragmatic vagotomy (SDV) increased postoperative gut microbiota disturbance in dexmedetomidine (Dex)-treated sleep-restriction (SR) mice.** (**A**) Heat map of differential levels of bacteria between the groups. (**B**) Chao 1 index. (**C**) Shannon index. (**D**) Simpson index. Data represents mean ± SEM, n = 8; ^\#^*P* \< 0.05.](aging-12-102952-g004){#f4}

To further elucidate the role of gut microbiota in the promoting effects of dexmedetomidine on splenic TFF2 expression after SR, we created a pseudo germ-free mouse model by administering antibiotics for 14 consecutive days, and pseudo germ-free mice were then received FMT for 14 consecutive days. We found that pseudo germ-free mice received FMT with feces of sham-operated mice increased the protein expression of splenic TFF2 expression (*P* \< 0.01; [Figure 5A](#f5){ref-type="fig"}), decreased spleen weight (*P* \< 0.05; [Figure 5B](#f5){ref-type="fig"}) and MDSCs percentage (*P* \< 0.05; [Figure 5C](#f5){ref-type="fig"}, [5D](#f5){ref-type="fig"}), compared to pseudo germ-free mice without FMT. Splenic CD8^+^ T cells from pseudo germ-free mice received FMT with feces of sham-operated mice express higher levels of IFN-γ and GrB compared with splenic CD8^+^ T cells from pseudo germ-free mice without FMT (*P* \< 0.05 and *P* \< 0.05, respectively; [Figure 5E](#f5){ref-type="fig"}). Gut microbiota transplant from surgery mice to pseudo germ-free mice significantly decreased splenic TFF2 expression (*P* \< 0.05; [Figure 5A](#f5){ref-type="fig"}), increased spleen weight (*P* \< 0.05; [Figure 5B](#f5){ref-type="fig"}) and MDSCs percentage (*P* \< 0.05; [Figure 5C](#f5){ref-type="fig"}, [5D](#f5){ref-type="fig"}). Splenic CD8^+^ T cells from pseudo germ-free mice received FMT with feces of surgery mice express lower levels of IFN-γ and GrB compared with splenic CD8^+^ T cells from pseudo germ-free mice received FMT with feces of sham-operated mice (*P* \< 0.05 and *P* \< 0.05, respectively; [Figure 5E](#f5){ref-type="fig"}). There was a significant decreased expression of splenic TFF2 (*P* \< 0.01; [Figure 5A](#f5){ref-type="fig"}, [5B](#f5){ref-type="fig"}), along with increased spleen weight (*P* \< 0.01; [Figure 5B](#f5){ref-type="fig"}) and MDSCs percentage in the spleen (*P* \< 0.05; [Figure 5C](#f5){ref-type="fig"}, [5D](#f5){ref-type="fig"}) in pseudo germ-free mice received FMT with feces of postoperative SR mice compared with that in pseudo germ-free mice received FMT with feces of surgery mice. Splenic CD8^+^ T cells from pseudo germ-free mice received FMT with feces of postoperative SR mice express lower levels of IFN-γ and GrB compared with splenic CD8^+^ T cells from pseudo germ-free mice received FMT with feces of surgery mice (*P* \< 0.05 and *P* \< 0.01, respectively; [Figure 5E](#f5){ref-type="fig"}). Interestingly, pseudo germ-free mice received FMT with feces of dexmedetomidine-treated SR mice showed a significant increased expression of splenic TFF2 (*P* \< 0.05; [Figure 5A](#f5){ref-type="fig"}, [5B](#f5){ref-type="fig"}), along with increased spleen weight (*P* \< 0.05; [Figure 5B](#f5){ref-type="fig"}) and MDSCs percentage in the spleen (*P* \< 0.01; [Figure 5C](#f5){ref-type="fig"}, [5D](#f5){ref-type="fig"}) compared with pseudo germ-free mice received FMT with feces of postoperative SR mice. Splenic CD8^+^ T cells from pseudo germ-free mice received FMT with feces of dexmedetomidine-treated SR mice express higher levels of IFN-γ and GrB compared with splenic CD8^+^ T cells from pseudo germ-free mice received FMT with feces of postoperative SR mice (*P* \< 0.05 and *P* \< 0.01, respectively; [Figure 5E](#f5){ref-type="fig"}).

![**Dexmedetomidine (Dex) attenuated postoperative sleep-restriction (SR)-induced decrease in splenic trefoil factor 2 (TFF2) expression, increase in myeloid-derived suppressor cells (MDSCs) expansion and decrease in splenic CD8^+^ cells activity via improving gut microbiota disturbance.** (**A**) Western blotting analysis of splenic TFF2 expression in sham-operated mice and pseudo-germ-free mouse received fecal microbiota transplantation (FMT). (**B**) Spleen weight in sham-operated mice and pseudo-germ-free mouse received FMT. (**C**, **D**) Flow cytometry analysis of spleen for CD11b^+^ Gr-1^+^ MDSCs in sham-operated mice and pseudo-germ-free mouse received FMT. (**E**) The enzyme-linked immunospot (ELISPOT) assay of the levels of interferon-γ (IFN-γ) and Granzyme B (GrB) in splenic CD8^+^ T cells from sham-operated mice and pseudo-germ-free mouse received FMT. All data represent mean ± SEM, n = 5; ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01.](aging-12-102952-g005){#f5}

SVN served as a bridge between gut microbiota and spleen after postoperative SR
-------------------------------------------------------------------------------

Given the findings that SVN is a well-established pathway for the communication of gut microbiota with extra-intestinal organs \[[@r28], [@r29]\], and combined with our above results that both gut microbiota and SVN were involved in the promoting effects of dexmedetomidine on splenic TFF2 expression and CD8^+^ Tcells activity after SR, next we asked whether SVN could serve as a bridge between gut microbiota and spleen in dexmedetomidine-treated mice. Interestingly, we found that SDV abrogated dexmedetomidine treatment-mediated increase in splenic TFF2 mRNA and protein expression (*P* \< 0.05 and *P* \< 0.05, respectively; [Figure 6A](#f6){ref-type="fig"}), decrease in spleen weight (*P* \< 0.05; [Figure 6B](#f6){ref-type="fig"}) and MDSCs percentage in the spleen (*P* \< 0.01; [Figure 6C](#f6){ref-type="fig"}) after SR. Splenic CD8^+^ T cells from dexmedetomidine-treated mice with SDV express lower levels of IFN-γ and GrB compared with splenic CD8^+^ T cells from dexmedetomidine-treated mice without SDV (*P* \< 0.05 and *P* \< 0.05, respectively; [Figure 6D](#f6){ref-type="fig"}).

![**Subdiaphragmatic vagus nerve served as a bridge between gut microbiota and spleen after postoperative sleep-restriction (SR).** (**A**) Western blotting analysis of splenic trefoil factor 2 (TFF2) expression in pseudo-germ-free mouse received fecal microbiota transplantation (FMT) with feces of SR mice, dexmedetomidine (Dex)-treated SR mice or Dex-treated SR mice with sub-diaphragmatic vagotomy (SDV). (**B**) Spleen weight in pseudo-germ-free mouse received FMT with feces of SR mice, Dex-treated SR mice or Dex-treated SR mice with SDV. (**C**) Flow cytometry analysis of spleen for CD11b^+^ Gr-1^+^ myeloid-derived suppressor cells (MDSCs) in pseudo-germ-free mouse received FMT with feces of SR mice, Dex-treated SR mice or Dex-treated SR mice with SDV. (**D**) The enzyme-linked immunospot (ELISPOT) assay of the levels of interferon-γ (IFN-γ) and Granzyme B (GrB) in splenic CD8^+^ T cells from pseudo-germ-free mouse received FMT with feces of SR mice, Dex-treated SR mice or Dex-treated SR mice with SDV. All data represent mean ± SEM, n = 5; ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01.](aging-12-102952-g006){#f6}

Dexmedetomidine improved postoperative SR-induced reduction of protective ability against *E. coli* pneumonia through splenic TFF2
----------------------------------------------------------------------------------------------------------------------------------

To investigate the detrimental effects of decreased splenic TFF2 after surgery on the function of immune defenses against pathogens, we induced primary pneumonia with Escherichia coli (*E.coli*). We found that rTFF2 treatment to postoperative SR mice significantly decreased bacterial burden (*P* \< 0.05; [Figure 7A](#f7){ref-type="fig"}).

![**Splenic trefoil factor 2 (TFF2) was essential to attenuate SR-induced reduced protective ability against Escherichia coli (*E. coli*) pneumonia, increased expression of IL-4 and IL-13 in the lung and M2 polarization of alveolar macrophages (AMs), and decreased phagocytic activity of AMs.** (**A**) Enumeration of colony-forming units (CFU) per milliliter of bronchoalveolar lavage analyzed one day after *E. coli* pneumonia in postoperative SR mice treated with recombinant human TFF2 protein (rTFF2) or PBS. (**B**) ELISA determination of the concentrations of IL-4 and IL-13 in the lungs of postoperative SR mice treated with rTFF2 or PBS one day after *E. coli* pneumonia. (**C**) The phagocytic activity of alveolar macrophages from postoperative SR mice treated with rTFF2 or PBS. (**D**) Real-time PCR (RT-PCR) analysis of the mRNA expression of Arg1, YM and iNOS in alveolar macrophages from postoperative SR mice treated with rTFF2 or PBS. All data represent mean ± SEM, n = 5; ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01.](aging-12-102952-g007){#f7}

Macrophage dysfunction in the lung is an important contributor to protract immunosuppression after primary sepsis and increased susceptibility to secondary pneumonia \[[@r32]\]. Cytokines IL-4 and IL-13 in lung are shown to play important roles in driving M2 polarization of alveolar macrophages (AMs) \[[@r33], [@r34]\], which could result in the susceptibility of mice to bacterial pneumonia \[[@r33]\]. Importantly, there was a significant decreased expression of IL-4 and IL-13 in the lung (*P* \< 0.05 and *P* \< 0.05, respectively; [Figure 7B](#f7){ref-type="fig"}), along with decreased M2 macrophages markers (Arg1 and YM1) and increased M1 macrophages marker iNOS in rTFF2-treated SR mice, compared to that in PBS-treated SR mice (all *P* \< 0.05; [Figure 7D](#f7){ref-type="fig"}). The phagocytic activity of AMs in rTFF2-treated SR mice was significantly increased compared with that in PBS-treated SR mice (*P* \< 0.05; [Figure 7C](#f7){ref-type="fig"}).

Dexmedetomidine treatment during SR attenuated postoperative SR-induced increase in bacterial burden (*P* \< 0.05; [Figure 8A](#f8){ref-type="fig"}) and the expression of IL-4 and IL-13 in the lung (*P* \< 0.05 and *P* \< 0.05, respectively; [Figure 8B](#f8){ref-type="fig"}). There was a significant decreased M2 macrophages markers (Arg1 and YM1) and increased M1 macrophages marker iNOS (all *P* \< 0.05; [Figure 8C](#f8){ref-type="fig"}), along with increased phagocytic activity of AMs (*P* \< 0.05; [Figure 8D](#f8){ref-type="fig"}).

![**Dexmedetomidine improved postoperative sleep-restriction (SR)-induced reduction of protective ability against Escherichia coli (*E. coli*) pneumonia.** (**A**) Enumeration of CFU per milliliter of bronchoalveolar lavage analyzed one day after *E. coli* pneumonia in postoperative SR mice with or without the treatment of dexmedetomidine (Dex). (**B**) ELISA determination of the concentrations of IL-4 and IL-13 in the lungs of postoperative SR mice with or without the treatment of Dex. (**C**) RT-PCR analysis of the mRNA expression of Arg1, YM and iNOS in alveolar macrophages from postoperative SR mice with or without the treatment of Dex. (**D**) The phagocytic activity of alveolar macrophages from postoperative SR mice with or without the treatment of Dex. (**E**) Enumeration of CFU per milliliter of bronchoalveolar lavage analyzed one day after *E. coli* pneumonia Dex-treated SR mice with or without sub-diaphragmatic vagotomy (SDV). (**F**) ELISA determination of the concentrations of IL-4 and IL-13 in the lungs of Dex-treated SR mice with or without SDV. (**G**) ELISA determination of the concentrations of IL-4 and IL-13 in the lungs of sham-operated mice and pseudo-germ-free mouse received fecal microbiota transplantation (FMT). (**H**) ELISA determination of the concentrations of IL-4 and IL-13 in the lungs of pseudo-germ-free mouse received FMT with feces of SR mice, Dex-treated SR mice or Dex-treated SR mice with SDV. All data represent mean ± SEM, n = 5; ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01.](aging-12-102952-g008){#f8}

After SDV, dexmedetomidine-treated SR mice showed a significant increase in bacterial burden (*P* \< 0.05; [Figure 8E](#f8){ref-type="fig"}) and a significant increase in the expression of IL-4 and IL-13 in the lung (*P* \< 0.05 and *P* \< 0.05, respectively; [Figure 8F](#f8){ref-type="fig"}). Moreover, the expression of IL-4 and IL-13 in the lung were decreased in pseudo germ-free mice received FMT with feces of sham-operated mice (*P* \< 0.05 and *P* \< 0.05, respectively; [Figure 8G](#f8){ref-type="fig"}), compared to that in pseudo germ-free mice without FMT. Pseudo germ-free mice received FMT with feces of dexmedetomidine-treated SR mice showed a significant decrease in the expression of IL-4 and IL-13 in the lung (*P* \< 0.05 and *P* \< 0.05, respectively; [Figure 8G](#f8){ref-type="fig"}) compared with pseudo germ-free mice received FMT with feces of postoperative SR mice. Furthermore, we found that SDV abrogated dexmedetomidine treatment-mediated decrease in the expression of IL-4 and IL-13 in the lung after SR (*P* \< 0.05 and *P* \< 0.05, respectively; [Figure 8H](#f8){ref-type="fig"}), indicating that gut-microbiota mediated regulation of splenic TFF2 expression via SVN is essential to dexmedetomidine-induced improvement in the antimicrobial activity in *E. coli* pneumonia.

DISCUSSION
==========

Our study indicates that SR after surgery exaggerated postoperative immunosuppression through gut microbiota disturbance-mediated decrease in splenic TFF2 expression, which subsequently led to the increase in MDSCs numbers and decrease in splenic CD8^+^ T cells activity. SVN served as an important conduit of gut microbiota-spleen communication. SR-induced exaggeration of postoperative immunosuppression was characterized by furtherly decreased antimicrobial activity in *E. coli* pneumonia. Dexmedetomidine treatment during SR alleviated SR-induced decrease in postoperative immunosuppression through gut microbiota and SVN ([Figure 9](#f9){ref-type="fig"}).

![**Schematics illustrating the signaling mechanisms of sleep-restriction in postoperative immunosuppression and its treatment by dexmedetomidine.** Sleep-restriction exaggerates intestinal flora disorder, furtherly decreases splenic trefoil factor 2 (TFF2) expression, which subsequently leads to the increase in myeloid-derived suppressor cells (MDSCs) numbers and decrease in splenic CD8^+^ T cells activity. Subdiaphragmatic vagus nerve (SVN) served as an important conduit of gut microbiota-spleen communication. SR-induced exaggeration of postoperative immunosuppression was characterized by increased expression of IL-4 and IL-13 in the lung, increased M2 polarization of alveolar macrophages (AMs), decreased phagocytic activity of AMs and thus decreased antimicrobial activity in *E. coli* pneumonia. Dexmedetomidine treatment during SR alleviated SR-induced decrease in postoperative immunosuppression through gut microbiota and SVN.](aging-12-102952-g009){#f9}

Previous studies have shown that a large proporation of patients experienced clinically significant sleep disturbance during the first postoperative week that may be due to postoperative pain and the disturbances in the circadian regulation of the sleep-wake cycle \[[@r4]--[@r8], [@r35]\]. Patients not only suffered from severely disturbed night-time sleep architecture, but also had increased rapid eye movement (REM) sleep, light sleep and reduced time awake during the daytime period after surgery \[[@r35]\]. REM sleep has been shown to suppress slow wave sleep and be linked to the activation of the sympathetic nervous system and HPA system \[[@r36], [@r37]\], which could inhibit innate and adaptive arm of our body\'s defense system \[[@r13]--[@r15]\]. Sleep plays important roles in immune cell activity and proliferation (especially NK-cell activity and lymphocyte proliferation), humoral immune system and immunological memory (memory T and B cells) \[[@r38]\]. In 42 medically and psychiatrically healthy male volunteers, a night of sleep deprivation could lead to a reduction of natural immune responses as measured by natural killer (NK) cell activity and lymphokine-activated killer (LAK) activity \[[@r16]\]. Sleep deprivation also severely disturbs the functional rhythm of natural regulatory T cells (nTreg) and CD4^+^CD25^-^ T cells \[[@r17]\]. Chronic sleep deprivation of rats could cause a breakdown of host defense indicated by a systemic bacterial invasion \[[@r39], [@r40]\]. In our present study, we found that postoperative SR for 1 week exaggerated postoperative immunosuppression, as demonstrated by the furtherly decreased phagocytic activity of AMs and antimicrobial activity against *E. coli* pneumonia.

After further investigation of the mechanism underlying SR-induced exaggeration of postoperative immunosuppression, we found that postoperative SR furtherly increased the spleen weight. One previous study indicates that the increase in the spleen weight is accompanied by an increased expansion of MDSCs in the spleen due to the decreased expression of splenic TFF2 after tumor-mediated immunosuppression \[[@r30]\]. The increased expansion of MDSCs in the spleen is inversely associated with splenic TFF2 status and suppress host immunity via suppression of CD8^+^ T cells in the spleen \[[@r30]\]. In our present study, the increase in the spleen weight after postoperative SR was also accompanied by a decrease in splenic TFF2 expression and subsequent increase in MDSCs in the spleen, as well as lower levels of IFN-γ and GrB secreted from splenic CD8^+^ T cells, which was critical in the antimicrobial activity against *E. coli* pneumonia. Our study extended our understanding of the role of splenic TFF2 inhibition-mediated MDSCs expansion in the spleen in postoperative immunosuppression, not only in tumor-mediated immunosuppression.

Previous studies have provided evidences that both chronic and acute sleep disruption could change the gut microbiota composition \[[@r18]--[@r20]\]. The metabolites and components of gut microbiota are not only necessary for the maintenance of immune homeostasis, they also influence the susceptibility of the host to many immune disorders through the activity of T cells, such as ischemic stroke, autoimmune kidney disease and sepsis \[[@r21], [@r41]--[@r43]\]. Gut microbiota plays an essential role in the homeostasis of the host immune system, including innate immunity and adaptive immune \[[@r23]--[@r25]\]. In a mice model of pneumococcal pneumonia, diverse and rich gut microbiota could protect the host against pneumococcal pneumonia, whereas gut microbiota depletion increased pneumococcal burdens in the lungs and blood and decreased the capacity of primary AMs to phagocytose *S. pneumoniae* \[[@r27]\]. Our present study showed that the postoperative SR induced gut microbiota dysbiosis, as reflected by a reduced gut microbiota diversity. FMT with feces from postoperative SR mice to gut microbiota-depleted mice induced more severe immunosuppression than that from surgery mice without SR, indicating an important role of gut microbiota dysbiosis in SR-induced exaggeration of postoperative immunosuppression.

SVN has been shown to be an important bridge between gut microbiota and extra-intestinal organs such as brain \[[@r28], [@r29]\]. SVN also exerts key roles in promoting splenic TFF2 expression in tumor-mediated immunosuppression \[[@r30]\]. Vagus nerve stimulation increased TFF2 expression in the spleen, whereas bilateral subdiaphragmatic vagotomy abrogated splenic *Tff2* response to dextran sodium sulfate \[[@r30]\]. In our present study, we found that SVN played essential roles in increasing the expression of TFF2 in the spleen after surgery, suggesting that SVN also mediated the communication of gut microbiota with spleen. This finding furtherly expands our understanding of the role of SVN serving as a bridge between gut microbiota and extra-intestinal organs including spleen (not just brain).

Dexmedetomidine, a highly selective α 2 adrenoceptor agonist, has beneficial pharmacological properties, providing sedative, anxiolytic, sympatholytic and analgesic-sparing effects without relevant respiratory depression \[[@r44]\]. Sedation with dexmedetomidine mimics the natural sleep state, showing an electroencephalography signal pattern similar to that during stage N2 non-rapid eye movement (NREM) sleep. It is shown that dexmedetomidine could promote NREM stage N3 sleep in a dose dependent manner without effects on psychomotor performance \[[@r31]\]. In nonmechanically ventilated elderly patients admitted to the ICU after surgery, low-dose dexmedetomidine infusion (0.1 mg/kg/h) during the night after surgery could prolong total sleep time, increase N2 sleep and improve subjective sleep quality \[[@r45]\]**.** Dexmedetomidine is shown to possess anti-inflammatory and immunomodulatory effects, and could improve outcomes in the setting of infection \[[@r46]\]. In our present study, we showed that dexmedetomidine treatment during SR alleviated SR-induced exaggeration of postoperative immunosuppression through improving gut microbiota, which then increased splenic TFF2 expression, decreased MDSCs expansion in the spleen, and increased the activity of splenic CD8^+^ T cells and phagocytic activity of AMs via the SVN. However, whether dexmedetomidine treatment during SR exerted beneficial effects on postoperative immunosuppression through improving the sleep quality needs further study.

In summary, our results suggest that SR after surgery exaggerated postoperative immunosuppression through the inhibition of splenic TFF2 expression thus increasing MDSCs in the spleen and reducing splenic CD8^+^ T cells activity, which was mediated by gut microbiota. Dexmedetomidine could be a good drug for the alleviation of postoperative SR-mediated exaggeration of immunosuppression through improving gut microbiota and subsequently increasing splenic TFF2 expression via SVN.

MATERIALS AND METHODS
=====================

Animals
-------

Male C57BL/6 mice, 78 weeks old, were purchased from Vital River Laboratory Animal Technology Co Ltd., Beijing, China. Mice were housed in the specific pathogen-free conditions with *ad libitum* access to food and water. The room temperature was maintained at 23 °C under a 12-hour light-dark cycle. All procedures were performed in accordance with the National Institute of Health (NIH) Guide for the Care and Use of Laboratory Animals (publications no. 80-23) revised 1996 and approved by the Animal Care and Use Committee of Henan Provincial People\'s Hospital.

Partial hepatectomy
-------------------

Two-thirds partial hepatectomy was performed as previously described \[[@r47]\]. Briefly, a middle abdominal skin and muscle incision (about 3 cm long) was made, and the liver was exposed. Left and anterior (median) lobes were resected by proximal ligation. Then, the peritoneum was closed with a 5-0 suture and the skin was closed by a 4-0 suture. Laparotomy with gentle liver manipulation was performed as a sham operation.

Sleep-restriction
-----------------

Using the multiple platform method, SR lasted for 7 days starting immediately after surgery, with only 4 h of sleep (during the last 4 h of the light phase) in every 24 h. Mice were placed in a polypropylene cage (500×300×170 mm; 4 mice/cage) containing 9 circular platforms (diameter: 3 cm, height: 2.5 cm). Water filled the cage 1 cm below the upper surface of the platforms, allowing the mice to move from one platform to another by jumping and access food and water during SR. When mice reached the rapid eye movement stage of sleep, they fell into the water due to muscle atonia. The mice were awoken and would try to climb up the platform. Throughout the experiments, the water was replaced with clean water every day.

Dexmedetomidine and rTFF2 treatment
-----------------------------------

Dexmedetomidine (4 μg/mL diluted in NS; 50 μg/kg; Xinchen Pharmaceutical Company, Jiangsu, China) or normal saline was intravenously injected at the beginning of 4 h of sleep during the SR protocols.

After 7 days of SR, recombinant human TFF2 protein (rTFF2; 0.2 mg/kg; R&D Systems, Minneapolis, MN, USA) was injected intravenously via the tail vein.

Antibiotic treatment
--------------------

The pseudo-germ-free mouse model was established as previously described \[[@r48]\]. Briefly, mice were treated with broad-spectrum antibiotics in drinking water for 2 weeks (ampicillin 1 g/L, neomycin sulfate 1 g/L, metronidazole 1 g/L; Sigma-Aldrich, St Louis, MO, USA) *ad libitum* to achieve pseudo-germ-free status. Antibiotics were renewed every 2 days.

Fecal microbiota transplantation (FMT)
--------------------------------------

A clean cage containing sterilized filter paper was used to collect feces. Feces of each group were collected immediately after defecation and combined into one sample in a sterile microtube. The Fecal samples were frozen immediately in liquid nitrogen and then stored at −80°C until analysis and transplantation. 1 g Fecal samples were homogenised in 10 mL sterile normal saline under anaerobic conditions, and the fecal material were then suspended by vortexing. 0.2 mL of the suspension was introduced by gavage into each mouse recipient for 14 consecutive days.

16S ribosomal RNA (16S rRNA) gene sequencing
--------------------------------------------

DNA extraction was performed using TIANamp stool DNA kits (Tiangen Biotechnology Company, Beijing, China). For the Illumina MiSeq sequencing, the PCR amplification of the V3-V4 region of the bacterial 16S rRNA was performed using the following primers: 338F (5′-ACTCCTACGGGAGGCAGC-3′) and 806R (5′-GG ACTACHVGGGTWTCTAAT-3′). Sequencing was conducted using a paired-end 2 × 300 base pairs (bp) cycle run on an Illumina MiSeq platform (Berry Genomics Co., Ltd, Beijing, China). Reads obtained from the samples were sorted by unique barcodes of each PCR product. The barcode, linker, and PCR primer sequences were removed from the the original sequencing reads. The resultant sequences were screened for quality, and only sequences with ≥70 bp were selected for bioinformatics analysis. NCBI BLAST and SILVA databases were used to classify all sequences. Distance calculation, operational taxonomic units cluster, rarefaction analysis and α-diversity were performed by the MOTHUR program.

Vagus nerve stimulation
-----------------------

After 7 days of SR, VNS was performed as previously described \[[@r30]\]. Briefly, mice were anesthetized intraperitoneally (i.p.) with ketamine (100 mg/kg) and xylazine (8 mg/kg). A midline abdominal incision was made and the ventral branch of SVN was isolated. The nerve was stimulated for 4 h with electrical pulses of 2 ms duration at 5 Hz by a stimulation module (STM100A) controlled by the AcqKnowledge software (Biopac Systems Inc., Goleta, California, USA). The electrical voltage was 1V. The abdomen is closed in two layers. In Sham-operated mice only an abdominal incision was made and the ventral branch of SVN isolated. Spleen was harvested 3 h later.

Bilateral sub-diaphragmatic vagotomy (SDV)
------------------------------------------

Bilateral sub-diaphragmatic vagotomy was performed. Briefly, following adequate depth of anesthesia, a right abdominal transverse incision (\~1 cm) was made about 0.5 cm below the xiphisternum starting from the *linea alba*. The liver was retracted with a saline dampened cotton swab and the esophagus was exposed while carefully keeping costal arc and liver out of sight. The ventral branch of the vagal nerve was exposed and about 3 mm were resected with the aid of a surgical microscope (RWD Life Science Co., Ltd, Shenzhen, China). The dorsal branch of the vagal nerve was exposed beneath the esophagus, and then was isolated (3\~5 mm) and resected. Successful SDV was confirmed by an increase in stomach size, and impairment of anorexigenic effect of cholecystokinin (4 μg/kg, i.p.). For sham-operated mice, vagus nerve was gently exposed without further manipulation.

Enzyme-linked immunospot (ELISPOT) assay
----------------------------------------

Splenic CD8^+^ T cells were labelled with PE-Cy7-conjugated CD8 antibodies and sorted using FASCAria flow cytometer (Becton Dickinson, San Jose, CA, USA). Sorted spleen CD8^+^ T cells were stimulated with anti-CD3/CD28 antibodies (Biolegend, San Diego, CA, USA; 1 μg/mL) for 48 h. ELISPOT assays were performed with Mouse IFN-γ/GrB dual-color Elispot kit (R&D Systems, Minneapolis, MN, USA) according to manufacturer's protocol.

Western blotting
----------------

Spleens were homogenized in cell lysis buffer with added protease inhibitors (KeyGen Biotech, Nanjing, China). Proteins (50 μg) were separated by electrophoresis on 10% SDS-PAGE gels (Beyotime Institute of Biotechnology, Shanghai, China), transblotted into PVDF membranes (Millipore; Merck KGaA), and incubated overnight at 4 °C with primary antibodies against TFF2 (1:500; Wuhan Boster Biological Technology, Ltd.) and β-actin (1:2,000; Santa Cruz Biotechnology, Inc., Dallas, TX, USA). After primary antibody incubation, membranes were washed with TBST and incubated with peroxidase-conjugated secondary anti-rabbit antibody (1:3000; Proteintech group, Wuhan, China) for 2 h at room temperature. After three washes in TBST, bands were detected using enhanced chemiluminescence (ECL) and bands were captured using an UVP gel documentation system (UVP, LLC, Phoenix, AZ, USA). The relative densities of bands were analyzed with Image J software (version 1.41; National Institutes of Health, Bethesda, MD, USA).

Flow cytometry
--------------

At 7 days after surgery, the spleens were dissected and washed in cold phosphate buffered saline (PBS, pH 7.4). Spleens were cut into small pieces and digested using 15 ml digestion buffer (5% FBS (Sigma, St. Louis, MO, USA) + collagenase IV (1.75 mg/ml; Roche, Indianapolis, IN, USA) + DNase I (0.5 mg/ml; Sigma, St. Louis, MO, USA)). After 40 min incubation at 37 °C the remaining pieces were filtered through a 200-mesh stain steel sieve. The supernatants were washed once in cold flow cytometry (FACS) buffer and separated by Percoll gradient (Sigma, St. Louis, MO, USA). Lymphocytes were harvested from the interphase of the Percoll gradient and resuspended in FACS buffer. Obtained cells were stained with optimal concentration of anti-Gr-1-PerCP 5.5 (eBioscience, San Diego, CA) and anti-CD11b-APC (eBioscience, San Diego, CA) using permeabilization buffer (eBioscience, San Diego, CA). Stained cells were run on a FACSverse flow cytometer (BD Biosciences). Data were analysed with FloJo X analysis software (FreeStar Ashland, OR, USA).

RT-PCR
------

Total RNA was extracted by using Trizol reagent according to the manufacturer's protocol (Invitrogen, Carlsbad, CA). cDNA was synthesized from total RNA with Taqman reverse transcriptase (Applied Biosystems, Foster City, CA). TFF2, Arg1, YM1, iNOS and β-actin cDNA were amplified using Power SYBR Green (Applied Biosystems, Foster City, CA). The cycling conditions used were 50 °C for 2 minutes and 95 °C for 10 minutes, followed by 40 cycles at 95 °C for 15 seconds and 60 °C for 1 minute with specific primers for TFF2, Arg1, YM1, iNOS and β-actin (primer sequences listed in [Table 1](#t1){ref-type="table"}). Reactions were run and analysed on ABI StepOne™ Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). The β-actin mRNA was used as the internal control. Gene expression was determined by 2^-ΔΔCt^ methodology, normalized against the β-actin.

###### The sequences of primers for real-time PCR.

  ------------------ ----------------------------- -------------------------------
  **Target genes**   **Sense primers**             **Antisense primers**
  TFF2               5′-GTCAGCTCGCAAGAATTGTG-3′    5′-GGCAGTAGCAACTCTCAGTA-3′
  Arg1               5′-ATGGAAGAGACCTTCAGCTAC-3′   5′-GCTGTCTTCCCAAGAGTTGGG-3′
  YM1                5′-CATGAGCAAGACTTGCGTGAC-3′   5′-GGTCCAAACTTCCATCCTCCA-3′
  iNOS               5′-CCGAAGCAAACATCACATTCA-3′   5′-GGTCTAAAGGCTCCGGGCT-3′
  β-actin            5′-TGTCCACCTTCCAGCAGATGT-3'   5′-AGCTCAGTAACAGTCCGCCTADA-3′
  ------------------ ----------------------------- -------------------------------

Enzyme-linked immunosorbent assay (ELISA)
-----------------------------------------

One day after *E. coli* pneumonia, lung tissue (200 mg) was homogenized in 500 μL PBS and subsequently centrifuged at 10,000g at 4 °C for 15 minutes. The concentration of IL-4 and IL-13 in the supernatant were determined by the ELISA kit according to the manufacturer's protocol (R&D Systems, Minneapolis, MN, USA).

Induction of pneumonia and BALF bacterial load measurement
----------------------------------------------------------

After 7 days of SR, a non-lethal acute pneumonia was induced. Escherichia coli (*E.coli*) DH5-alpha, grown for 18 h in luria broth medium at 37 °C, was washed twice (1.000 g, 10 min, 37°C), diluted in sterile isotonic saline and calibrated by nephelometry. Anesthetized mice were injured with intratracheal injection of E.coli (75 mL, OD600 = 0.6-0.7) \[[@r32]\].

One day after *E. coli* pneumonia, BAL was serial diluted with sterile PBS under sterile condition and was then cultured on blood-agar base plates overnight at 37 °C. Colony-forming units (CFUs) per milliliter of bronchoalveolar lavage were analysed.

AMs phagocytosis assay
----------------------

One day after *E. coli* pneumonia, bronchoalveolar lavage was performed via a tracheal cannula with 0.5 mL PBS containing 1mM EDTA for 3 times, and a total volume of 1.2 mL BALF was collected. The collected BALF was centrifuged at 500g for 5 min at room temperature and the supernatant is removed. After washing twice with complete Roswell Park Memorial Institute (RPMI)-1640 medium supplemented with 1% (V/V) penicillin-streptomycin (Solarbio, Beijing, China) and 10% (V/V) fetal bovine serum (FBS, HyClone, Logan, Utah), cells were seeded in 12-well plates (1\~5×10^5^) and allowed to adhere for 90 min inside a 5% CO~2~ incubator. Non-adherent cells were removed by washing two times with PBS and the adherent macrophages phagocytic activity of *E. coli* was performed with commercial Vybrant phagocytosis assay kit (Molecular Probes, Darmstadt, Germany) according to the manufacturer's instructions. FITC-conjugated *E. coli* was resuspended in Hank\'s Balanced Salt Solution (HBSS; GIBCO) and sonicated until all the fluorescent particles are homogeneously dispersed. After removing the RPMI-1640 solutions, all the microplate wells except the control wells were added with 100 μL fluorescent bioparticle suspension. Trypan blue was added for the evaluation by the fluorescence plate reader (excitation wavelength at 485 nm, emission at 520 nm). The percentage of phagocytosis was calculated as follows: % Effect = (experimental reading---negative control reading) /(positive control reading---negative control reading)×100%. Negative control wells were prepared with no cell-containing and no fluorescent bioparticle exposed, whereas positive control wells were seeded with cells but not exposed to fluorescent bioparticle.

Statistical analysis
--------------------

All data were presented as mean ± SEM. One-way analysis of variance (ANOVA) followed by a Newman-Keuls multiple comparison test was used when comparing more than two groups. Student\'s t-test was used to compare differences between two groups. *P* values \<0.05 were considered significant. For the statistical analysis, IBM SPSS Statistics version 20 (SPSS Inc., 2003, Chicago, USA) was used.
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